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GaN nanowires have been grown by molecular beam epitaxy either catalyst-free or catalyst-induced by means 
of Ni seeds. Under identical growth conditions of temperature and Ⅴ/Ⅲ ratio, both types of GaN nanowires are 
of wurtzite structure elongated in the Ga-polar direction and are constricted by M-plane facets. However, the 
catalyst-induced nanowires contain many more basal-plane stacking faults and their photoluminescence is 
weaker. These differences can be explained as effects of the catalyst Ni seeds. 
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Semiconductor nanowires (NWs) hold great promise 
as building blocks for novel devices in various areas 
like electronics, optoelectronics, photovoltaics, piezo- 
tronics, and thermoelectrics [1]. A major advantage of 
semiconductor NWs is that these nanoscale structures 
can be fabricated by fairly simple means involving self- 
organization effects only. Probably the most popular 
way is the vapor–liquid–solid (VLS) process [2], in 
which catalyst seeds, frequently tiny Au droplets, 
induce the formation of NWs. Recently, the vapor– 
solid–solid (VSS) process during which the catalyst 
remains solid was also evidenced to efficiently promote 
NW growth [3, 4]. Although widespread, the use of a 
catalyst raises the question whether some of the seed 
material is incorporated into the NWs [5–7] and 
adversely affects their properties, thus preventing high- 
performance applications. Hence, there are increasing 
efforts to grow NWs without any metal catalyst 
being used [8–13]. While significant efforts have been 
directed at detecting contamination by the catalyst 
material, so far little attention has been paid to 
possible differences in the quality of the products of 
the two approaches to fabricate NWs. For the case of 
GaN NWs grown by molecular beam epitaxy (MBE) 
with similar growth windows (Ⅴ/Ⅲ ratio and tem- 
perature), the formation can be either catalyst-induced 
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[14] by a VSS mechanism [15] or catalyst-free [16, 17]  
depending on the type of substrate. 
Here, we make use of this unique possibility to 
directly compare the structural and optical properties 
of NWs grown by both pathways under otherwise 
identical conditions in order to deduce the effect of 
the catalyst on the material quality. We find major 
differences that imply significant negative conse- 
quences if catalyst seeds are employed to synthesize  
semiconductor nanowires for use in devices. 
2. Experimental 
GaN NWs were grown on C-plane sapphire, Si(111), 
and on Si(001) substrates by plasma-assisted MBE 
under nitrogen-rich (N-rich) conditions. For the 
catalyst-induced pathway, Ni islands resulting from 
annealing of a 4-Å thin layer were used as seeds [14]. 
For the catalyst-free pathway, the samples were grown 
on Si substrates cleaned with the RCA procedure. GaN 
was grown on each substrate for the same duration 
under identical conditions, i.e., a Ⅴ/Ⅲ ratio of 5 and  
a substrate temperature of 780 °C. The morphology  
of the NWs was investigated by scanning electron 
microscopy (SEM) as described in Ref. [14]. In order 
to assess the NW crystal structure, specimens were 
prepared either by NW harvesting from the substrate 
or by the standard mechanical thinning and ion milling 
processes for cross-sectional transmission electron 
microscopy (TEM). The optical properties of the 
as-grown NW samples were investigated with a 
photoluminescence (PL) set-up equipped with a 
Cryovac microscope cryostat. For excitation, we used 
the 325 nm line of a Kimmon He–Cd laser focused to 
a micrometer-sized spot by a 15× microscope objective. 
The PL signal was collected by the same objective, 
and analyzed by a 0.8 m Jobin-Yvon monochromator 
equipped with a cooled Si charge-coupled-device  
(CCD) detector. 
3. Results and discussion 
3.1 Morphology 
All the samples were entirely covered by NWs oriented 
perpendicularly to the substrate as seen in the SEM 
images in Fig. 1. On sapphire substrates the NWs 
formed only in the presence of Ni seeds and only 
under N-rich conditions (Figs. 1(a) and 1(b)) [14]. In 
contrast, on Si substrates the NWs grew without  
any catalyst, but also only under N-rich conditions 
(Figs. 1(c)–1(f)) [17]. We therefore conclude that, as all 
the growth conditions were identical, whether or not 
a catalyst is necessary to induce the formation of 
NWs under the growth conditions employed depends 
only on the choice of substrate. The attempt to initiate 
the growth of catalyst-induced NWs on Si with Ni was 
unfruitful: Only large NiSi islands formed whereas the 
NWs grown on the areas free of these islands did not 
exhibit any catalyst at their tip. The diameters of the 
catalyst-induced NWs ranged from 15–60 nm with an 
average of 27 nm and their heights from 200–900 nm. 
The NW density was 2.5 × 1010 NWs/cm2. On Si, the 
diameters of the catalyst-free NWs varied from 
15–100 nm with an average of 45 nm and their heights 
from 200–660 nm. The majority of these NWs were 
shorter than the NWs induced by the Ni seeds on 
sapphire. Such large dispersions in diameter and 
length have been attributed to the coalescence of 
short columns and enhanced growth of thinner ones 
through a diffusion-induced growth mechanism [18]. 
The catalyst-free NW density was slightly lower, 
namely 1.8 × 1010 NWs/cm2. These values are in 
agreement with Ref. [19]. In summary, the catalyst- 
induced NWs are on average longer and thinner than  
the catalyst-free analogs. 
3.2 Crystal structure 
Using both synthetic approaches, the GaN NWs 
obtained were single crystalline, having the wurtzite 
(WZ) structure and grew along the [0001] direction, 
as revealed by TEM [17, 20] and reflection high-energy 
electron diffraction (RHEED) (Figs. 2(a) and 2(b)). The 
spots in the RHEED patterns of the catalyst-induced 
NWs (Fig. 2(a)) and of the catalyst-free NWs (Fig. 2(b)) 
correspond to electron transmission through the WZ 
GaN structure [17]. The reflections for the self-induced 
NWs are arc-shaped (Fig. 2(b)), which indicates a 
slight spread in tilt relative to the substrate normal 
[21]. For the catalyst-induced approach, the presence 
of Ni particles at the NW tips shows that a VLS-like 
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mechanism promotes NW growth [20], while for the 
catalyst-free approach the NW tips are free of any 
particle [17]. The facet planes which constrict the NWs 
were identified by SEM (Figs. 1(g) and 1(h)) and X-ray 
diffraction. In both approaches, M-planes constitute 
the NW sidewalls. The same facet orientation has been 
reported before for catalyst-free GaN NWs [17] but it 
was not clear, a priori, that catalyst-induced NWs 
should grow in the same shape [22–24]. Although the 
crystal structure of the different types of NWs is the 
same, their polarity could still be different. Thus, con- 
vergent beam electron diffraction (CBED) experiments 
were carried out (Figs. 2(c) and 2(d)). Comparison of 
the experimental and the corresponding simulated 
patterns indicated that both the catalyst-free and 
catalyst-induced NWs are Ga-polar①. For the catalyst- 
free grown NWs, this result is in agreement with 
previous reports [21, 25], but for the catalyst-assisted 
NWs grown on sapphire it is somewhat surprising. 
 —————————— 
① For the CBED measurements, the catalyst-assisted and a 
catalyst-free NW sample grown at 780 °C and at 730 °C, 
respectively, were investigated. At the lower temperature of 
growth, SEM and RHEED of the catalyst-free NW sample 
showed no morphological difference from the high tem- 
perature sample. Thus it is legitimate to take this sample for 
the CBED comparison into consideration. Moreover, the results 
reported in Refs. [21, 26] were obtained on samples grown at  
790 °C, and in the range of 700–800 °C, respectively. 
 
Figure 1 SEM images acquired at an angle of 90° ( (top), 45° (center), and 0° (bottom) to the surface normal. (a), (b), (g) Ni-
induced NWs on C–plane sapphire. Catalyst-free-grown NWs ((c), (d), (h)) on Si(111) and ((e), (f)) on Si(001). The scale bars shown 
in the lower part of panel (a) and of panel (g) are 500 nm and 20 nm in length, respectively, and are valid for images ((a)–(f)) and
((g), (h)), respectively. The crystallographic orientations in (g) and (h) refer to the lattice of GaN and are based on complementary 
X-ray diffraction measurements 
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While we are not aware of any literature on the 
polarity of catalyst-induced GaN NWs, planar layers 
of GaN grown on sapphire by MBE usually exhibit 
N-polarity [26]. However, the mechanisms leading   
to that polarity of planar layers and the possible 
influence of the nitridation of the sapphire are rather 
controversial [27, 28]. In any case, nucleation below 
the Ni catalyst instead of on the bare sapphire surface 
represents a significant change in the boundary 
conditions that may very well explain a difference in  
polarity between Ni-induced NWs and planar layers. 
The defect structure of the GaN NWs was studied 
by TEM (Fig. 3). The catalyst-induced NWs contained 
many basal-plane stacking faults (SFs) randomly distri- 
buted along the NW axis. No other extended defects 
were found. These results are in agreement with those 
for similar NWs grown at lower temperature [14, 29], 
but the density of the SFs was higher in these cases, 
i.e. SF formation was reduced by increasing the growth 
temperature. In marked contrast, the catalyst-free 
NWs grown on Si were almost free of any SFs [17]. 
The SFs in the catalyst-induced NWs were found up 
to the tip, and as it will be later evidenced, both types 
of NWs were free of strain. Thus, the different types 
of substrates cannot be the reason for the discrepancy 
in crystal quality provided by the two approaches. In  
 
Figure 2 ((a), (b)) RHEED and ((c), (d)) CBED patterns from GaN NWs grown ((a), (c)) catalyst-induced on Al2O3(0001) and
((b), (d)) catalyst-free on Si(111). The growth temperature of all these samples was 780 °C except for the sample investigated in (d)
which was grown at 730 °C. In (a) and (b), the patterns were acquired along the 1210〈 〉GaN (top) and 1010〈 〉GaN (bottom) azimuths.
For the CBED studies, the sample thicknesses were 4.5 nm and 5.3 nm in (c) and (d), respectively. Experimental patterns are on the
left-hand side, with simulated ones on the right-hand side of each image. A Ga polarity was deduced in both cases 




Figure 3 Cross-sectional TEM image along the 1120〈 〉  zone 
axis of the catalyst-induced NWs showing basal SFs within the 
NWs. The inset depicts a high-resolution TEM image of the tip of 
a NW revealing the crystalline seed particle of the catalyst 
principle, the presence of many SFs in the catalyst- 
induced NWs could be attributed to their higher 
vertical growth rate. However, for the following reasons 
this explanation can also be excluded. First, the longest 
catalyst-free NWs whose growth rate was close to that 
of the catalyst-induced NWs were free of SFs. Second, 
the catalyst-induced NWs grew at a vertical rate of 
0.2 nm/s. This is not an unusually high growth rate 
for planar GaN, but the catalyst-induced NWs contain 
many more SFs than the latter. Instead, there are several 
possible explanations for the SFs which are all related 
to the presence of the catalyst at the NW tip where 
growth takes place. First, the catalyst material may 
affect the crystal structure of the NW material. A 
RHEED study [15] revealed that the solid catalyst 
results in a cubic NiGa structure during NW growth.  
Thus, the binding configuration of the GaN nucleus 
at the NW-catalyst interface might adopt the zinc 
blende (ZB) configuration because it enables a more 
favorable bond orientation between the Ga-top layer 
and the cubic GaNi. This would be similar to the use 
of surfactants mediating the cubic nucleation of GaN 
films [30]. In this context it would be interesting to 
explore whether a hexagonal catalyst has the same 
effect. However, the search for suitable catalysts is 
beyond the scope of this manuscript. Second, Ni may 
also be incorporated to some extent and stabilize the 
ZB phase. Theoretical calculations indeed showed that 
the incorporation of impurities, like Si, Mg, In, and C, 
could reduce the ZB–WZ structural energy difference 
[31]. Furthermore, it has also been experimentally 
evidenced that Mg-doping of GaN NWs lead to the 
formation of stacking faults and double-twins whose 
density increased with the Mg concentration [32, 33]. 
Third, the catalyst introduces a triple phase line 
GaN–GaNi–vapor, and as described by Glas et al. for 
WZ GaAs NWs [34], preferential nucleation at this 
location could reverse whether ZB or WZ formation 
is favorable. Fourth, the formation of SFs could also 
originate from a lower surface mobility of adatoms at 
the NW tip, which could then be trapped at ZB sites 
[35–37]. This is consistent with the reduction of the 
SF density which was observed as the growth tem- 
perature was increased. However, the absence of SFs 
in the catalyst-free NWs directly identifies the catalyst  
particles as the origin of the reduced adatom kinetics. 
3.3 Optical properties 
For optoelectronic applications it is of crucial interest 
to know how the material quality affects the optical 
characteristics of the NWs and whether there is any 
difference in this respect between the two pathways. 
Low temperature (10 K) PL spectra were collected and 
their intensity was calibrated by comparison with 
that of a high quality GaN film taken as a reference 
sample (Fig. 4(a)). The spectra of all the samples 
revealed a clear emission line at 3.472 eV related to 
the donor-bound exciton transition (D0,X), characteristic 
of strain-free GaN [38]. The sharpest peak was obtained 
for the NWs grown on Si(111) and had a full-width  
at half-maximum of 3.1 meV. None of the samples 
exhibited the yellow band, which is an indication of 
very low densities of the related point defects for 
both the catalyst-assisted and catalyst-free pathways. 
However, there is a strong difference in the lumines- 
cence intensity of the NWs. The overall integrated 
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intensity and the peak intensity of the (D0,X) line of 
the NWs obtained by the catalyst-free approach are, 
respectively, 6 and 25 times higher than the corres-  
ponding values for the catalyst-induced NWs. 
Additional emission lines were detected at 3.43 eV 
for the catalyst-induced NWs, while the catalyst-free 
NWs exhibited emission features centered at 3.41– 
3.42 eV and 3.45 eV (Fig. 4(b)). For all these samples 
there appeared to be a multitude of transition lines in 
the range 3.41–3.43 eV. Emission in this energy range 
has been assigned in the bulk to structural defects, 
particularly SFs [39–41], and in catalyst-free NWs to 
structural defects at the NW–substrate interface [42]. 
Also in catalyst-free NWs, a blue-shift for increasing  
 
Figure 4 (a) Low temperature (10 K) PL spectra of GaN NWs 
grown on a sapphire substrate with Ni seeds, on Si(111), and on 
Si(001). (b) Detail of the near band edge (semi-log scale) 
impurity concentration (Mg or Si) has been observed 
[43]. In Ni-induced GaN NWs a dominant emission 
at 3.437 eV has been tentatively attributed to neutral 
acceptor-bound excitons related to Ni contamination 
[44]. As discussed above, the main difference in the 
crystal quality between the two approaches is the 
occurrence of SFs. Thus, a shift from 3.41–3.42 eV for 
the catalyst-free NWs to 3.43 eV for the catalyst- 
assisted NWs might be the result of SFs and/or Ni 
contamination. The emission of the peak in the 
3.41–3.43 eV region is much stronger compared to 
that of the (D0,X) transition for the catalyst-induced 
NWs than for the catalyst-free NWs. Also, we are not 
aware of any emission lines unambiguously due to 
Ni in GaN and SFs are known to be radiative defects. 
Therefore, it seems more reasonable to attribute the  
broad peak at 3.43 eV to SFs.  
The emission at 3.45 eV is weaker in comparison to 
the (D0,X) transition in the case of growth on Si(001) 
than on Si(111) and not resolved in the case of growth 
on sapphire. This line is characteristic of catalyst-free 
GaN NWs grown by MBE [42]. It has been tentatively 
attributed to various structural features [42, 43, 45], 
and we cannot make any firm conclusions about the  
origin of this radiative transition. 
The most striking of the above results is that the 
luminescence of the catalyst-free NWs was about 25 
times stronger than that of the catalyst-induced NWs 
and this effect has been observed in a systematic 
manner for different samples. A quantitative com- 
parison of PL intensities is difficult, but the difference 
between the catalyst-free and catalyst-induced NWs 
is so large that it must be a real effect. At this point 
we stress that the morphologies of the samples were 
very similar. The facet planes which constrict both types 
of NWs were identical, and the surface-to-volume ratio 
of both types of NWs differed by a factor of only 1.7, 
i.e., much less than the PL intensities. Both facts are 
essential to validate our comparison since surface 
recombination is especially critical for such nano- 
structures. First, the different recombination channels 
in these NWs do not originate from different defects 
characteristic of particular surfaces [24]. Second, the 
NW diameters are smaller than the exciton diffusion 
length (which may amount to 1 µm at low temperature) 
[46]. Therefore, the NW surface-to-volume ratio does  
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not significantly influence the emission intensity. 
Possible differences in light extraction efficiencies do 
not suffice as an explanation, either. As discussed 
above, the structural difference, i.e., the occurrence of 
SFs in catalyst-induced NWs, may explain additional 
emission lines but not the reduced PL intensity. 
Besides, the position of the (D0,X) peak shows that in 
all cases the NWs are strain-free, which indicates that 
the effect of the different types of substrates is limited 
to the base of the NWs. Thus, the results strongly 
suggest the presence of an additional non-radiative 
recombination center in the catalyst-induced NWs, and 
the most plausible explanation is Ni contamination 
from the catalyst-seeds. This effect has not been 
reported before for GaN doped with Ni, which has in 
fact been rarely studied. However, Fe doping of GaN 
indeed leads to a strong decrease of the PL intensity 
[47] and of the luminescence decay times even at 
fairly low concentrations [48] by introducing very 
efficient non-radiative recombination channels. Ni and 
Fe are both 3d elements, and are known to possess 
similar properties as dopants in conventional Ⅲ–Ⅴ 
semiconductors. This strongly supports the conclusion 
that there is unintentional incorporation of Ni into  
the catalyst-induced NWs. 
Direct measurements of the Ni concentration in 
catalyst-induced NWs have been hampered by 
tremendous experimental challenges [5–7]. In general, 
it is extremely difficult to detect impurities with a 
concentration significantly below 1% with a spatial 
resolution of nanometres, as is necessary in this  
case. Energy-dispersive X-ray analysis of Al0.2Ga0.8N 
catalyst-induced NWs grown via the same process 
and under the same conditions as the GaN NWs in 
this work showed Ni Kα line intensities only at the 
background level [49]. However, the sensitivity of PL 
experiments to impurities is much higher than any 
other technique. Therefore, while we do not have 
direct evidence for contamination due to the catalyst  
seeds, our results strongly suggest it. 
4. Conclusions 
We found two main differences between catalyst- 
induced and catalyst-free GaN NWs grown under 
identical conditions except for the choice of substrate. 
First, the catalyst-induced NWs contained a high 
density of basal-plane stacking faults whereas 
catalyst-free growth produced material largely free of 
stacking faults. Second, the peaks in the PL spectra of 
the catalyst-free NWs were much more intense and 
narrower. Both of these observations can be explained 
as effects of the catalyst Ni seeds. First, Ni con- 
tamination and/or the presence of an additional phase, 
i.e. the catalyst seed, may be the cause of the formation 
of SFs. Second, the direct comparison of growth 
routines in the same MBE chamber under identical 
conditions strongly suggests that Ni contamination is 
the cause of the significantly reduced PL intensity of 
the catalyst-induced NWs. The use of catalyst seeds 
may offer an additional way to control the growth of 
NWs, but both the structural and optical qualities of  
catalyst-free nanowires are superior. 
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